Abstract: Novel, nonperipherally tetrasubstituted cationic metal-free and metallophthalocyanines (Zn, In) were synthesized in the present study. The binding constants, the disappearance of quenching effect of all cationic phthalocyanines on the fluorescence intensity of SYBR Green-disodium salt of deoxyribonucleic acid (DNA) from calf thymus complex, and the changes in T m of double helix DNA with thermal denaturation profile were investigated by UV-Vis and fluorescence spectrophotometric methods. To investigate the spontaneity of the reactions between DNA and novel quaternized phthalocyanines in buffer, thermodynamic parameters were employed.
Introduction
The interaction of metal complexes with deoxyribonucleic acid (DNA) has been investigated for a long time and the scope of synthesis of new reagents was to be beneficial for biotechnology and medicine.
1 Among such reagents, cationic porphyrins and their related analogues are known to bind to DNA. 2 Three binding modes with DNA were suggested: (a) intercalation; macrocycles intercalate into the bases of nucleic acids (like a step in the DNA ladder), (b) groove binding involves van der Waals interaction with the bases in the major groove or the shallow minor groove of the DNA helix, and (c) outside electrostatic binding with aggregated porphyrins stacked along the DNA helix.
3,4
Phthalocyanines (Pcs), derivatives of porphyrins, are highly conjugated macrocycles with interesting properties that allow them to be beneficial for many research areas, such as dyes, catalysts, semiconductors, electrochromic devices, liquid crystal displays, nonlinear optical, and photovoltaic cells and make them attractive reagents for nucleic acid modification. 5−10 The therapeutic applications of Pcs require them to be soluble in buffer. To circumvent this restriction, Pcs are substituted with different units that enable them to dissolve in water or buffer. 11−14 Even though most of the water-soluble Pcs dimerize and aggregate in aqueous solution,
there are nonaggregated Pcs in the literature. 15, 16 The efficiency of aggregation strongly affects the photophysical and physicochemical properties of Pcs. 17, 18 It was reported that nonperipheral substituted Pcs decreased the aggregation.
15,16,19−21
Although the interaction of peripherally tetrasubstituted cationic Pcs with single-and double-stranded DNA has attracted a great deal of interest, nonperipherally substituted cationic Pcs are less studied. 22, 23 The affinity of cationic porphyrins for DNA and RNA was reported three decades ago and it has stimulated many further studies.
3,24
The need for new drugs for cancer has forced chemistry to use the main classes of chemical compounds with new methods as alternative to old techniques. Recently, Pcs and their cationic derivatives have been of interest for research in medicine and biology. 25−27 In addition, morpholine and its derivatives display a wide spectrum of medicinal activities such as anticancer and antioxidant. 28, 29 Morpholine derivatives are in development as pharmaceutical therapeutics targeting pathogenic organisms such as bacteria and viruses. 30−32 The presence of morpholine groups in the structure of water-soluble Pcs can increase their bioavailability and anticancer effects. It will be interesting to investigate the biological properties of new water-soluble Pcs appended with morpholinoethoxy groups. Hence, recently we have focused on the synthesis and investigation of nonperipherally substituted cationic Pcs. Our previous studies reported the biological efficacy of novel peripherally substituted quaternized Pcs to assess their potential application in PDT. 33−37 From this point of view, the aim of the present study was to synthesize novel nonperipherally tetrasubstituted quaternized metal-free (1Q), zinc (2Q), and indium (3Q) Pcs appending 2-morpholinoethoxy groups that have potential use in biology. UV-Vis and fluorescence titration experiments were done to determine the binding mode of quaternized Pcs to CT-DNA. The self-assembly properties of 1Q-3Q in buffer solution (pH 7) were comparatively investigated. Furthermore, the effect of 1Q, 2Q, and 3Q on the fluorescence quenching of SYBR Green-DNA complex was examined. In addition, for a deeper look into the binding process, the energetics were examined with the employment of thermodynamic parameters such as enthalpy, entropy, Gibbs free energy, and K eq equilibrium constant.
Results and discussion

Synthesis and characterization
The synthetic pathway for the cationic Pcs (1Q-3Q) is represented in Scheme 1. The synthesis of watersoluble metal-free (1Q), zinc (2Q), and indium (3Q) Pcs was achieved by the reaction of corresponding Pcs
(1-3) with excess methyl iodide in CHCl 3 at reflux temperature for 4 h. The desired Pcs (1Q-3Q) were washed successively with hot solvents like ethyl acetate, THF, ethanol, chloroform, diethyl ether, and n-hexane.
Compounds 1Q-3Q were characterized by spectroscopic methods ( 1 H NMR, FTIR, and UV-Vis spectra). The data are consistent with the assigned structures. The compounds (1Q-3Q) prepared in this study are soluble in DMSO, DMF, and water as expected.
The IR spectra of the Pcs 1Q-3Q are very similar to each other. Aromatic CH, aliphatic CH, and C-O-C vibrations were observed at around 3018-3007, 2947-2869, and 1235-1217 cm −1 , respectively. The metal-free Pc (1Q) showed an additional absorption band at 3283 cm −1 assigned to the NH stretching vibrations.
In the 1 H NMR spectrum of metal-free Pc (1Q) in DMSO-d 6 the aromatic protons resonated between 9.22 and 8.04 ppm ( Figure S1 ). The OCH 2 and NCH 2 protons were observed between 5.45 and 3.73 ppm.
The inner core protons of free-base Pc (1Q) and the N + -CH 3 protons were monitored at -0. 13 nm for 1Q, 698 nm for 2Q, and 717 nm for 3Q (Figure 1a ) in DMF. The B band region was monitored around 318-325 nm. The electronic absorption spectra of these compounds in DMF are typical for nonaggregated Pcs, exhibiting intense and sharp Q-bands. The Q bands of the nonperipheral tetrasubstituted complexes (1Q-3Q) red-shifted by 20-25 nm, when compared to the corresponding Pcss carrying morpholine moieties at axial or peripheral positions, suggesting the effect of substituents at the α -position on the Q-band position is essentially additive. 38, 39 This red-shift phenomenon is consistent with previous reports for nonperipherally substituted Pcs, and supports the explanation that substitution at the α -position can lead to reduction of the HOMO-LUMO gap. 40−42 However, the electronic spectra of the compounds (1Q-3Q) in water showed some differences from those in DMF. The broadening of the Q bands and the decrease in the intensity of the Q bands corresponded to the presence of aggregated species in aqueous media compared to the electronic spectra in DMF. The B and Q bands of the compounds (1Q-3Q) in water were observed around 319-324 nm and 700-717 nm, respectively (Figure 1b) ( Table S1 ). The absorption spectra of 1Q-3Q were also recorded in both Triton X-100 and pyridine.
As shown in Figure 2 , addition of Triton X-100 (5% and 10%) to the aqueous solution of 1Q-3Q did not cause an important increase in intensity of Q bands. However, addition of pyridine caused a significant increase in the intensity of Q bands ( Figure S4 ). To test the aggregation of the complexes (1Q-3Q) dilution studies in water were done for concentrations ranging from 5.00 × 10 −5 to 3.125 × 10 −6 M ( Figure S5 ). As the concentration was increased, the intensity of absorption of the broad Q band also increased.
Evaluation of UV-Vis spectra of quaternized Pcs (1Q-3Q) with CT-DNA
UV-Vis spectroscopy is an important technique for investigating the binding mode of compounds with CT-DNA. 43 In the UV-Vis region, the spectroscopic change with the interaction of compounds with DNA indicates the binding mode. Generally, metal compounds can bind to DNA via covalent or noncovalent binding such as intercalation, major and minor groove binding (binding of the compounds outside of DNA), and electrostatic interactions. DNA intercalating agents cause large shifts at wavelengths in the UV-Vis spectrum. However, stacking causes small changes in absorbances or wavelengths.
44
The absorption spectra of quaternized metal-free (1Q), zinc (2Q), and indium (3Q) Pcs in the absence and presence of CT-DNA were recorded ranging from 300 to 800 nm and can be observed in Figure 3 . When a stable DNA-Pc complex formed, maximal absorbances of 1Q-3Q decreased as a result of interaction with DNA. The last lines in Figure 3 recorded on top of each other mean that after addition of 180 µ L of DNA to metal-free (1Q), zinc (2Q), and indium (3Q) Pcs the Q band absorbance remained constant. They showed the end of titration, which means the maximum interaction between Pcs and DNA occurred. The hypochromism suggested a close positioning of cationic Pcs (1Q-3Q) to the DNA helix due to strong electrostatic interactions between the positive charge morpholinoethoxy groups and phosphate backbone of DNA.
Proteins with zinc finger motif have high affinity to DNA and bind in the major groove. 45 It is known that the interaction of purines and/or pyrimidines with chelating compounds destabilizes the nature of DNA.
46,47
The appearance of absorptions belonging to monomeric 2Q displayed the interaction of zinc with bases in DNA. As shown in Figure 3 , DNA bases (especially with basic N7 donors in guanines) could coordinate to zinc. Moreover, oxygens in phosphates stabilize monomeric 2Q via coordinating to zinc. However, more experiments should be employed to determinate that 2Q is a major groove binder. Thus, according to K b2Q , it binds DNA nonspecifically ( Table 1 ).
In the case of 3Q, taking into consideration intermolecular forces set by hydrogen bonds formed by chlorine and hydrogens present in DNA bases, the presence of monomeric species observed at 717 nm could be attributed to indium-DNA interactions referring to metal-DNA coordination ( Figure 3 ). Compared with quaternized metal-free (1Q) and zinc Pcs (2Q), a further interaction due to chlorine was the main reason for a lower K b value for 3Q. Although nonperipheral substitution rather than peripheral decreased the aggregation, metal-free Pc rings aggregated quite a lot. [38] [39] [40] 48 In zinc and indium complexes, aggregation was lower and more monomeric forms were the prevailing species in buffer. The binding constants of 1Q, 2Q, and 3Q were determined as 
The evaluation of fluorescence spectra of quaternized Pcs (1Q-3Q) with CT-DNA
In order to calculate the binding constant of Pc to DNA, generally either absorbance or fluorescence titration is utilized. In our experiments, fluorescence titration was used to prove the binding mode. An important feature of fluorescence is that there is a rather direct connection between the spectroscopic observations and molecular features of the sample. Thus, it is a convenient way to visualize how the spectroscopic properties of 1Q, 2Q, and 3Q complexes formed with DNA are affected by the polar aqueous environment.
The enhanced emission of cationic morpholinoethoxy units attached to hydrophobic Pc core might be the result of cumulative effects of electrostatic binding and strong hydrophobic association between the Pc core and hydrophobic interior of DNA. 52 In the fluorescence spectra of 1Q, 2Q, and 3Q (Figure 4 ), a hydrophobic interaction results from the close positioning of Pc core to DNA helix due to the electrostatic attraction between cationic morpholinoethoxy groups and negative phosphates. Due to the addition of DNA, ionic parts of cationic Pcs form an outer shell in contact with water, while nonpolar Pc cores are sequestered in the interior to have minimum contact with water, which quenches fluorescence. As the water molecules were removed around Pcs, the intensities of emissions increased. 
The effect of quaternized Pcs (1Q-3Q) on the fluorescence of SYBR-DNA complex
SYBR Green (SYBR) is a known DNA stain used in biological applications and greatly enhanced fluorescence at 527 nm is observed when bound to DNA. 53 Therefore, a competition of binding assay between SYBR and quaternized Pcs could determine the mode of interaction with DNA. Due to the electrostatic attractions between negative polymer DNA and cationic Pcs (1Q-3Q), stable Pc-DNA complexes were formed (Figures   5a-5c ). Electrostatic repulsions were reduced in DNA and a more compact structure was formed (Figures   5a-5c ). The contribution of cationic Pcs (1Q-3Q) to DNA-SYBR complex provided a more neutralized, rigid structure, causing an increase in emission. Figures 5a-5d proved that when rigidity arose in Pc-DNA complexes due to either electrostatic or hydrophobic interactions, the constriction to free rotational movements resulted in a considerable increase in emission. Figures 4 and 5a-5d were evidence for Pc-DNA complexes. 
The evaluation of thermal denaturation profile of DNA
DNA melting profile is very informative about the stability of the helix. The thermal melting temperature (T m ) of DNA is defined as the temperature at which half of the DNA strands are in single-stranded (ssDNA) state. 54 Thermal denaturation experiments can be employed to estimate the binding mode of DNA compounds as intercalative or electrostatic modes. In our experiments, the influence of cationic Pcs (1Q-3Q) on the stability of DNA duplex and strand dissociation was examined by thermal denaturation profile and is shown in Figure 6 . a binding molecule or metal can also be used to interpret different binding modes. 35 It is reported that a classical intercalation gives rise to higher T m values than either groove binding or outside stacking. 35 The higher deviation in the T m value of 3Q indicated that hydrogen bonds between DNA and chlorine stabilized DNA more than metal-free (1Q) and zinc (2Q) Pcs.
Zinc-DNA coordination might destabilize the double strand nature of DNA, resulting in the dissolution of strands. Due to a possible zinc finger role of 2Q, a stronger coordination with N/O donors in DNA destabilized DNA nature and resulted in the dissociation of the double strand DNA helix. Through both electrostatic and hydrophobic attractions, the closer positioning of planar Pc rings of 1Q, 2Q, and 3Q to DNA might provide groove binding. However, more experiments are necessary to give details of the mechanism.
The evaluation of thermodynamics
Binding studies were carried out at 20, 30, 40, 50, and 60
• C. At these temperatures, DNA does not undergo any structural degradation. Three thermodynamic parameters, i.e. standard Gibbs free energy, ∆ G • ; the standard molar enthalpy, ∆ H • ; and the standard molar entropy, ∆ S, were used to examine the spontaneity of reactions that take place between quaternized Pcs (1Q-3Q) and DNA. The Van't Hoff plots are shown in Figure 7 and ∆G • , ∆H • , and ∆S • energies with their deviations are given in Table 2 .
The hydrophobic effect is the exclusion of water by hydrophobic groups. This appears to depend on the increase in entropy of solvent water molecules that are released from an ordered arrangement around the hydrophobic group. The change in enthalpy is insignificant in determining the spontaneity of the reaction Ross et al. reported the thermodynamic parameters associated with various kinds of interactions that may take place in protein association processes and proved that the contributions to positive entropy and enthalpy changes arose from both ionic and hydrophobic interactions. 47 Based on this literature, in the present study, stable 1Q and/or 2Q-DNA complexes started to form via the neutralization of cationic Pcs with phosphates of DNA. In aqueous solvent the closer proximity of 1Q and 2Q molecules to the DNA helix could be assigned as hydrophobic interaction due to removal of water around Pc-DNA complexes, resulting in a large increase in entropy. The neutral Pc-DNA complexes will have less electronic repulsions and interact with each other more easily. As a consequence, starting with ionic attractions between cationic small morpholinoethoxy groups and negative phosphates, the association of nonpolar parts of 1Q and/or 2Q-DNA complexes in a polar environment required the removal of a large amount of ordered water, causing a detrimental rise in entropy. The coordinations of zinc-N/O donors in DNA with 2Q were the additional factor increasing entropy.
The data presented in Table 2 indicated that the favorable free energy changes of the binding process for 3Q arose from the large negative enthalpy changes. Thus this binding process was enthalpy driven rather than entropy driven. 55 The binding process was exothermic and electrostatic according to decreasing K eq values with increasing temperatures. 56 Indium-DNA coordination and axially bound chlorine resulted in the order of 3Q molecules around DNA. As known, ordered structures require negative enthalpy while positive enthalpy shows the free motion of molecules in solvent. These calculations were in accordance with UV-Vis and the fluorescence spectra of 3Q supported the increase in emission after putative additions of DNA.
Experimental
Materials and equipment
Disodium salt of deoxyribonucleic acid from calf thymus (DNA) was purchased from MP Biomedicals. Buffer solution (disodium hydrogen phosphate/ potassium dihydrogen phosphate, pH 7) was purchased from Merck.
4-(2-Hydroxyethyl)morpholine (2-morpholinoethanol) and 3-nitrophthalonitrile were purchased from Aldrich. 
57
All reported 1 H NMR spectra were recorded on an Agilent VNMRS 500 MHz spectrometer. FTIR spectra were recorded on a PerkinElmer One FT-IR spectrometer and absorption spectra were recorded using Scinco LabProPlus UV/Vis spectrophotometer with 1-cm path length quartz cuvettes within the spectroscopic range of 300-800 nm. Fluorescence spectra were recorded on a PerkinElmer LS55 fluorescence spectrophotometer.
Synthesis
1,8(11),15(18),22(25)-Tetrakis-(N-methyl-2-morpholinoethoxy)phthalocyanine tetraiodide (1Q)
Compound 1 (0.1 g, 0.09 mmol) was dissolved in 10 mL of chloroform and methyl iodide (0.03 mL, 0.48 mmol) in excess was added to this solution and the reaction mixture was stirred under reflux for 4 h. After cooling to room temperature the resulting suspension was filtered off, washed successively with hot ethanol, ethyl acetate, THF, chloroform, n-hexane, and diethyl ether, and dried under vacuum at 120
• C for 24 h. Yield: 0.14 g (75% 
Determination of binding of quaternized Pcs (1Q-3Q) to DNA using UV-Vis titrations
All titrations of Pcs with CT-DNA were performed at room temperature in buffer solution. The concentrations of CT-DNA per nucleotide phosphate were calculated from the absorbance at 260 nm using εDNA = 13,200
59 DNA was stored at 4
• C overnight and used within 2 days. The stock solutions of 25 µ M quaternized Pcs (1Q-3Q) and 50 µ M DNA were prepared in buffer solution. First the absorption spectrum of a 3 mL buffer solution of 1Q, 2Q, and 3Q was recorded and then 6 × 30 µ L for 1Q, 2Q, and 3Q injections of DNA were added manually. Absorption spectra were collected from 500 nm to 800 nm. The titrations were carried out until the Pcs' Q bands remained at a fixed wavelength upon successive additions of CT-DNA. To determine the binding constants K b1Q , K b2Q , and K b3Q , Eq. (1) was employed.
where the apparent absorption coefficient εa , εf , and εb correspond to Aobserved/[Pc], the extinction coefficient of the free Pc, and the extinction coefficient of the Pc when fully bound to DNA, respectively. In plots of
[DNA]/ (εa − εf ) versus [DNA], K b is given by the ratio of slope to intercept. 61 The experiments were repeated three times.
Determination of binding of quaternized Pcs (1Q-3Q) to DNA using fluorescence measurements
The binding properties of 1Q, 2Q, and 3Q complexes to DNA were studied by spectrofluorometry at room temperature. A buffer solution of 1Q (25 µ M, 3.0 mL) (or 2Q, 3Q) was titrated by consecutive additions of 30-µ L aliquots of 50 µ M DNA. The fluorescence emission spectra were recorded after each addition of DNA. Fluorescence excitation and emission spectra were obtained from solutions of DNA and quaternized Pcs (1Q-3Q) were prepared in buffer solution. Excitation and emission slits were set at 10 nm bandpass at 900 V. 1Q and 2Q were excited at 690 nm and emission at 738 nm for 1Q and 732 nm for 2Q were observed. In the case of 3Q the excitation and emission wavelengths were 700 and 743 nm (Table S1 ). Due to the substituted groups on nonperipheral positions, 1Q-3Q have no aggregation in aqueous solutions so all fluorescence was observed in the absence of surfactant like Triton X-100. (1Q-3Q) were added to the solution of SYBR-DNA complex in each cuvette. The samples were excited at 358 nm and the fluorescence spectra were recorded from 390 to 650 nm consecutively at 900 V with a slit of 10 nm for both excitation and emission. All solutions were prepared in buffer solution.
Determination of the change in thermal denaturation profile of DNA
Melting temperatures were determined for CT-DNA (50 µ M, 2.5 mL) and quaternized Pcs (1Q-3Q) (25 µ M, 0.3 mL) in buffer by heating from 20 to 90
• C at a rate of 0.6 • C/min, and recording the UV absorbance at 260 nm every 10 s. The absorbance measurements were repeated five times and standard deviations were included.
Determination of thermodynamic parameters
The equilibrium constants of DNA (50 µ M, 1. The energetics of DNA-Pc equilibrium can be conveniently characterized by three thermodynamic parameters, i.e. standard Gibbs free energy, ∆G
• ; the standard molar enthalpy, ∆ H • ; and the standard molar entropy, ∆ S • . ∆ G • can be calculated from the equilibrium constant, K, using the familiar relationship, ∆ G • = −RT lnK, in which R and T refer to the gas constant and the absolute temperature, respectively.
61
The Van't Hoff equation gives a linear plot of lnK versus 1/T, if the heat capacity change for the reaction is essentially zero (Eq. (3)).
∆H
• can be calculated from the slope of the straight line, −∆H • /R, and the standard entropy by Eq. (4).
Conclusion
The aim of the present work was to gain a deeper insight into the mechanism of binding processes of cationic Pcs (1Q-3Q) that are nonperipherally substituted with morpholinoethoxy moieties to DNA.
Based on the data given in Tables 1 and 2 , 1Q-3Q react with DNA spontaneously with high affinity. Both intra-and intermolecular forces that dominate the binding process could be the following:
a) The self-association of (especially seen in 1Q) Pcs leads to stacking of them around DNA. Although monomeric structures were present in the aqueous media, π -π overlap between Pc molecules forces them to move in aggregates. In the case of 2Q and 3Q, a possible coordination of zinc or indium with any donors in DNA proved that monomers are also present in the solution. In compound 3Q, chlorine is the most important factor to reduce aggregation, preventing π -π stacking. These are intermolecular forces among Pc molecules that are known mostly in aqueous solutions. The self-association of the compounds (1Q-3Q) is disrupted by the addition of DNA that acts as surfactant and increases the tendency towards monomers. Moreover, while the hydrophobic Pc core of 1Q, 2Q, and 3Q interacts with the nonpolar interior of DNA, the attractions between cationic morpholinoethoxy groups with negative charged phosphate backbone are electrostatic.
b) The electrostatic attraction could be observed with UV-Vis spectra. The spectra show that with the increase in interaction the absorption of 1Q-3Q decreases and at a certain amount of DNA the complexation of Pc-DNA occurs. c) As known, static quenching occurs when dyes aggregate due to hydrophobic effects. They stack together to minimize contact with water. Planar aromatic dyes such as Pcs that associate through π -π interactions within themselves can enhance static quenching. In our case, the addition of DNA disrupts the aggregation among Pcs and increases the fluorescence of the compounds (1Q-3Q) in two ways: 1) removing counterions and water through the electrostatic attraction of phosphates and cationic morpholinoethoxy groups; 2) preventing the rotation of Pc molecules around DNA with the coordination of Zn in 2Q and indium in 3Q with N/O bases of DNA.
d) Neutralization of the negative charge of phosphates with cationic morpholinoethoxy units, repulsions decrease, and DNA becomes more compact. Thus, there is a "smaller room" for existing compounds such as SYBR. After the addition of 1Q-3Q to the solution of SYBR-DNA, the exclusion of SYBR leads to an increase in emission of SYBR and shows the complexation of Pc-DNA.
e) Thermodynamic data indicated that the binding process of 1Q and 2Q progresses with entropy-driving forces, while enthalpy dominates the mechanism for 3Q. According to the literature, both ionic and hydrophobic interactions take place in the interaction of Pc-DNA. 55, 56, 64, 65 Electrostatic attraction initiates the closer proximity of DNA and 1Q, 2Q, and 3Q molecules and then leads to interaction of Pc core with hydrophobic parts of DNA. The decrease in Tm value of 2Q is an indicator of Zn-DNA coordination, which destabilizes DNA.
Under the consideration of the fact that Pcs have a large and planar carbon skeleton, it is logical to interpret that the complexation of DNA-1Q, 2Q, and 3Q compounds starts with electrostatic attraction forces, which leads to a closer proximity of DNA-Pcs provided with hydrophobic interactions as well. With the assumption of the electronic attraction set between phosphates of DNA and morpholinoethoxy groups of cationic Pcs (1Q-3Q) whose planes are perpendicular to the DNA helix, grooves become the most possible and suitable pockets for binding. The increases in emissions of Pc-DNA complexes also can recall a partial intercalation of compounds (1Q-3Q) with DNA due to more rigid structures. However, at this level of knowledge, it is difficult to assign the exact mode of interaction in grooves, because several possibilities exist. Additional studies are necessary to elucidate all the factors that are responsible for the binding mechanism. Based on the thermodynamic and spectroscopic data in our work, it can be concluded that 1Q, 2Q, and 3Q molecules bound to DNA spontaneously with respect to negative Gibbs energies nonspecifically. While the present study highlighted the binding of freshly synthesized, cationic, water soluble compounds (1Q-3Q) with DNA, the ongoing work on PDT is noteworthy.
1
Supplementary Information Figure S1 .
1 H NMR spectrum of quaternized metal-free phthalocyanine (1Q) in DMSO-d 6 . 
